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Summary 
This report presents a summary of the research activities, major accomplishments, presentations 

supported by ONR grantN00014-09-C-0583 to Advanced Brain Monitoring, Inc.  Key contribution of this 

project was to assess the efficacy of Omega-3 fatty acids (EPA/DHA) in mitigating the cognitive,mood, 

and performance aspects of sleep loss.  Both acute sleep deprivation of 48 hr in a civilian populaiton and 

ongoing sleep chronic sleep debt accumulation in a military popuation were investigated.  Results found 

that Omega-3 fatty acids were able to preserve baseline performane, mood and neurophysiology 

through 36-39 of complete deprivation.  In the military populaiton, undergoing naturally occuring sleep 

loss, Omega was also able to support improved performance compared to placebo, up through an 

average of 31 hr of sleep loss.  Additional physiological metrics from EEG and cytokines support the 

hypothesis that the improved perfroamnce is due to reduced inflammatory activity with Omega 

supplementation.  These data suggest that Omega-3 fatty acids provide a viable option to reduce the 

effects of sleep deprivation that naturally occurs throughout military training and operations, however 

additional data regarding performance in military relevant tasks would be required before 

implementation force-wide.    
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I. Introduction 
Substantial research has been done on the effects of sleep deprivation, in academia, the private sector, 

and by multiple defense organizations.  This extensive research has shown us that sleep deprivation 

leads to many adverse outcomes observable in both the laboratory and in field environments.  Sleep 

deprivation has both cognitive/behavioral and physiological consequences.  The behavioral 

consequences of sleep loss include: slowed reaction time and increased errors (1-5), disruption in 

declarative and procedural learning (6).  Sleep deprivation is associated with physiological imbalances as 

well, such as elevated pro-inflammatory cytokines (7-13).  For our military troops, the consequences of 

these effects have a great potential to reduce the efficacy and efficiency of our forces.  Having reduced 

reaction time and impaired accuracy of situational awareness increases the likelihood of injury in 

combat (and non-combat situations as well).  Once injured, the aberrant inflammatory milieu can lead to 

inappropriate immune responses that may increase likelihood of opportunistic infections and will 

reduce wound healing (14-15).  During training, reduction in learning and memory function reduced the 

rate of training and long term retention.  In addition, long term physical and mental health concerns 

may also arise, given that pro-inflammatory cytokines are related to accelerated aging of the immune 

system, acceleration of age related degeneration of tissue, and depression (16-18).   

Advanced Brain Monitoring has been a contributor to the field of sleep medicine for over ten 

years, developing EEG-based cognitive assessment tools to evaluate the effects of both chronic and 

acute sleep loss(19-20).   Recent data from Advanced Brain Monitoring (ABM) provide further evidence 

for the adverse consequences of chronic sleep deprivation.  Accumulation of sleep debt also negatively 

impacted basic performance metrics during USMC Mojave Viper training exercise (19).  ABM assessed 

the effects of sleep debt in a group of Marines participating in the Mohave Viper training program at the 

Twenty-nine Palms desert warfare training facility.  USMC battalion/platoon leaders (n=17) were 

evaluated during the 21-day, live-fire training exercises with daily continuous actigraphy and weekly 

wireless EEG and heart rate / heart rate variability (HR/HRV) acquired during a 20-minute, 3-Choice-

Vigilance-Test (3C-VT). In the 3C-VT, subjects are required to identify “target” vs. two “non-target” 

stimuli that are presented at varying intervals over the 20-minute session.  These data demonstrated 

that Marines become impaired due to sleep debt, but are unlikely to acknowledge any impairment 

subjectively.   

Interestingly, pro-inflammatory cytokines alone are associated with cognitive and behavioral 

effects similar to sleep loss.  Slowed reaction time has been associated with elevated pro-inflammatory 

cytokine activity in multiple human (21-22) and animal studies (23-26).  Cognitive accuracy has also been 

associated with elevated cytokine levels (23-24, 27-29).  Procedural and declarative learning are also 

thought to be impaired by pro-inflammatory activation (21, 24, 30-34).  While a great deal of work on 

cognitive impairments associated with cytokine activity began in animal models (16), this work has been 

replicated in human work as well(35-41).   Based on these associations: sleep loss is associated with 

elevated pro-inflammatory cytokine activity(7, 42-44), and elevated pro-inflammatory cytokine activity 

is associated with many of the cognitive deficits associated with sleep loss(45-65), it would be 

reasonable to hypothesize that the cognitive/behavioral effects of sleep loss may actually be caused by 

the increase inflammatory stimuli associated with sleep loss.  Therefore, the hypothesis of this proposal 

is that the physiological effects of sleep deprivation may in fact be the underlying cause of the cognitive/ 
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behavioral effects, and by addressing the physiological issues, we may be able to also address the 

cognitive/behavioral issues.   

The most effective strategy for sleep loss amelioration (including decreasing pro-inflammatory 

cytokine levels) has been shown to be napping (6, 13, 60, 66-67), however access to naps in the field is 

inconsistent and unpredictable.    Therefore, alternative mitigation strategies must be investigated.  

Intervention strategies must take into account the deployment context: interventions that inhibit the 

efficacy of the soldier are not viable.  Several pharmaceutical options are available to ameliorate the 

effects of sleep loss, however the side effects are generally unacceptable for use in the field (these 

included significant sleep inertia, nausea, diarrhea, anxiety, dizziness).  There are also recent discoveries 

for direct pro-inflammatory suppression using drugs such as ketamine(68-69) and Haloperidol(70), 

however these too have significant and unacceptable side effects for field deployment, including vision 

problems, confusion, drowsiness, and loss of control of limb movement.  It is quite common for soldiers 

and marines to self-medicate through sleep loss with stimulants such as caffeine, amphetamines, 

methylphenidate, and possibly even narcotics.  However these strategies have significant contra-

indications.  Narcotics have well known cognitive and behavioral side effects that are detrimental to the 

overall mission goals of the military, as well as being illegal, so these are not an option.  Amphetamines, 

methylphenidate (Ritalyn) and Modafinil (Provigil) are legal pharmaceutical stimulants.  Amphetamines 

and methylphenidate are both addictive, and while it may mask the feeling of fatigue, the behavioral 

and cognitive effects of sleep loss are still likely to manifest (71).   Modafinil is an option for mitigating 

the effects of sleep loss, as the side effects are not as severe; however, in doses high enough to be 

adequate to mitigate the effects of significant chronic or acute sleep loss, it is often associated with 

nausea and headaches, reducing the effectiveness of the soldiers.  Caffeine is already in use, and in fact 

abused not only by the military, but by the general population, however caffeine in high doses has many 

adverse side effects as well.  First, the body adapts to caffeine regularly, requiring ever increasing 

amounts in order to be effective.  Second, at high doses, it can alter perception, increase shakiness, and 

detrimentally effect regular sleep patterns.  Finally, caffeine in high doses can have long term negative 

effects on bone density, and muscle tone, as well as increasing inflammatory stimuli in the body- leading 

to the negative effects of long-term exposure to inflammation discussed earlier.  These include 

advanced aging of the physical and immune systems, and increased risk of depression.  With this in 

mind, better alternatives may be nutriceuticals: foods with added, often drug-like, benefits to health 

and well being.   

There are many nutriceuticals that may be effective in reducing the effects of sleep loss through 

reduction of the effects of pro-inflammatory cytokines, and synergize the effects of napping, including: 

vitamin E, vitamin C, Turmeric, Resveratol (found in red wine), Green Tea, Black Tea,  Genisten (found in 

soybeans), Chamomile, Ginseng, feverfew, and probiotic yogurt(72-74).  As experimental interventions 

for reducing the effects of sleep loss, several of these are inappropriate: both green and black tea 

contain caffeine that may interfere with sleep when available, vitamin intake is difficult to monitor and 

account for outside the experimental condition (although given the simplicity of this intervention, it 

should be examined in the future as well), and several of the other options have not been shown to be 

effective in vivo.  In contrast, Omega-3 fatty acids (3FAA) have been shown to effectively reduce 

inflammatory states, acting on the mechanisms that result in cytokine production in ex vivo and in vivo 
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models, as well as in both animal and human (74-83).   Sleep quality may also benefit from 3FAA, 

although this is not definitive(84).  Therefore, the mediating interventions will include both Omega-3 

fatty acid (3FAA) treatment in isolation and paired with napping, in order to evaluate the synergynism 

that the 3FAAs may provide to the napping.   

In order to address the growing military need to mitigate the effects of sleep loss in order to maintain a 

fit and ready force, as well as improve quality of life in both the short and long term for our troops, the 

following parallel studies were conducted  to address three goals: 1) assess the effectiveness of Omega-

3 fatty acids in mitigating the effects of acute and chronic sleep deprivation, 2) assess inflammatory 

activity throughout both acute sleep deprivation in order to begin to determine if the effects of sleep 

loss are primarily mediated through inflammation, 3) compare how acute and chronic sleep loss 

compare on identical metrics to develop “standardized curves” for use by military leaders in evaluating 

the majority of studies that are conducted using the acute sleep loss model, and how it might apply to 

military populations that undergo chronic sleep loss.  

These studies were conducted with civilian volunteer for the acute study, while the chronic study 

was conducted with the Recon Training Unit at School of Infantry-West, at Camp Pendleton under COs 

Byrne and Wooley.   

II. Methods 

2.1. Participants 

2.1.1. Acute. A sample of n=38 participants were enrolled after screening for the following exclusion 

criteria:  18-28 yr, physically fit (BMI ≥25), and physically active (3X or more per week of cardiovascular 

exercise for at least 30 min), self report of excessive daytime sleepiness (Epworth > 6), excessive 

smoking (more than 10 cigarettes/day) caffeine intake (more than 5 cups/day) or alcohol use (5 r more 

drinks per day), history of sleep, neurological or psychiatric disorder, head trauma, symptoms of a sleep 

disorder, and inconsistent sleep patterns (> 7.25 hr/night on average).   The final complete data set 

consists of the N=30 that completed both sleep deprivation sessions.  Table 1 provides the demographic 

data for this population. 

Table 1. Acute study demographics 

 Male Female Total 

# of participants 20 10 30 

Age 22.26 (Range 18-26) 23 (Range 19-25) 22.26 (Range 18-25) 

BMI 22.1 (range 19-25) 21.75 (Range 19-24) 22.1 (Range 19-24) 

 

2.1.2. Chronic.  A sample of 67 Marines enrolled in the Recon Training Course at SOI-W on Camp 

Pendleton was recruited to participate in this study.  Subjects were recruited during MARC (Marines 

awaiting Recon Training), prior to the course beginning.  The same exclusion criteria were applied, 

except for age limit, physical activity requirement and BMI, as these are assumed in the population.  The 

final dataset is limited to an n=20 as this is the population that completed the class and the protocol, 
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lasting 12 weeks.  However, data analysis was completed on both subjects that dropped, up until they 

dropped, and those that completed the entire class and study.  Partial completion data was acquired on 

n=50 at baseline, n=35 at session 1 (5-6 weeks into the course), n=28 at session 2, n=23 at session 3, 

n=22 at session 4, n=21 at session 5.  These data are included in the univariate ANOVAs that were used 

as follow on analysis, and are included in the graphs, and acute vs. chronic analysis.  However, only 

complete data were included in the repeated ANOVAs.   

2.2. Materials/Equipment 

2.2.1. Omega-3 fatty acids/Placebo.  Omega-3 fatty acids were acquired from NutraOrigin, Inc.  

Each active 1000 mg pill contains: 300 mg of EPA, 200mg of DHA, 100 mg of other Omega-3 fatty acids, 

and the other 400 mg of ingredients are: gelatin, glycerin, and mixed tocopherols.  Participants took 2 

gel tablets with both the morning and evening meal, for a total dose of 4000mg, with 1200 mg EPA/800 

mg DHA.  The placeboes were acquired from Seagate, Inc.  The placebo gel tablet was also 1000 mg, and 

identical in appearance to the active tablets.  Each placebo gel tablet contained: 800 mg of 

monounsaturated fat, which is almost entirely composed of Oleic Acid; plus 5 mg natural Vitamin E 

added for antioxidant stability; 5 mg of Omega-3 (Linoleic Acid); and 190 mg of saturated and 

polyunsaturated fats that are naturally-occurring in olive oil.  Participants on the placebo also took 2 gel 

tablets with both the morning and evening meal, for a total dose of 4000 mg.   

Olive oil is one of several placeboes used in Omega-3 fatty acid literature.  This placebo was chosen 

for this study because of the hypothesis that inflammation may be related to the effects of sleep loss.  

Olive oil is more inflammatory neutral than other placeboes used which have included corn oil and 

mixed vegetable oils, both of which are high in Omega-6 fatty acids, potentially mediating the 

inflammatory response.   

2.2.2. Subjective measures.  Subjective assessments of sleep, mood, and wellbeing were acquired 

throughout the study.  These measures included:  the Beck Depression Index, the Center for 

Epidemiology Studies- Depression Scale, the Profile Of Mood states, the Medical Outcome Survey- 36 

item, the State-Trait Anxiety Index, the Pittsburg Sleep Quality Index (respectively: BDI, CESD, POMS, 

MOS-36, STAI, and PSQI).  

The BDI is a 21 item multiple choice self report inventory with substantial validation studies 

completed over the past 40+ years, while the most current version has been in use for over 10 years.  

The metric is used by both clinicians and researchers, to assess risk of depression.  Each question is 

scored from 0-3, and total scores relate as follows: 0–13: minimal depression; 14–19: mild depression; 

20–28: moderate depression; and 29–63: severe depression. Higher total scores indicate more severe 

depressive symptoms.  Note: The BDI was not used for the chronic study due to the inclusion of suicidal 

ideation items that would require reporting up the chain of command and reduce subject privacy.   

The CESD is a depression metric developed at NIH in 1977, that includes 20 items (but does not 

include suicidal ideation items that are included on the BDI).  This scale also has a rich history of 

validation studies; however it is primarily used in research studies, to provide a range of depressed 

mood- it is not intended as a screening for major depression.  As with the BDI, each item is scored from 

0-3, with total score being indicative of increased risk, the range being 0-60. The ranges of scores are: 0-



 

6 | P a g e  
Distribution Statement A: Approved for public release; distribution is unlimited 
 

16: average; 16-24: borderline elevation of depressive symptoms; 24 and above: significant elevation of 

depressive symptoms.   

The POMS is a 65 item general mood scale often used in research with well validated scales for five 

factors: Tension/Anxiety, Depression, Anger/Hostility, Vigor, Fatigue, and total that is indicative of 

overall mood (calculated by summing: Tension + Depression + Anger + Fatigue - Vigor).  Each item is 

scored from 0-3.  Higher scores on each scale indicate a more negative mood state, with the exception 

of vigor.   

The STAI is a 40 item scale to assess anxiety that was developed in 1970, published in 1983, and has 

been used primarily in research studies.  The primary purpose of the STAI is to distinguish anxiety from 

depression.  Higher scores indicate higher anxiety, however, normal ranges are not provided by the 

authors (scores range from 0-80).   

The MOS-36 is a 36 item index with measures of overall well being, health status and change in 

health status.  There are 9 scales that result that include: Physical functioning, Role functioning- physical, 

Role functioning- emotional, energy/fatigue, emotional well being, social functioning, pain, general 

health, and health change.    

The PSQI is a sleep quality assessment that includes 19 self-scored items that are included in the 

scoring.  This metric was developed in 1989.  Multiple validation studies have been completed, and this 

metric is primarily used in sleep research and research oriented sleep laboratories.  Each item is scored 

0-3 and the range of scores considered normal is anything under 5.    

2.2.3. Actigraphy.  Each participant wore an actigraph (#OBMA-0.2, PCDI, Florida; ReadiBand, 

Fatigue Science, Hawaii) for one week prior to each experimental session to track sleep/wake activity 

levels, and to confirm compliance with the sleep deprivation requirements in the acute study, and to 

track amount of sleep debt for the chronic study.   

2.2.4. B-Alert EEG Sensor Headset/ AMP Neurocognitive test bed. The Sensor Headset was 

developed by Advanced Brain Monitoring as a portable system to record both electroencephalographic 

(EEG) and electrocardiographic (EKG) signals.  The headset, made from stretchable fabric, fits snugly on 

the head and houses EEG sensors.  The EKG leads are attached to the upper right clavicle and lower left 

rib. The main electrical component of the Sensor Headset is a battery-powered data acquisition and 

transmission unit that rests against the back of the head.  The Sensor Headset is only used for recording 

physiological signals and does not introduce energy into the body except for any minor electromagnetic 

radiation typically emitted by small electronic devices.  The only risk posed by this device is mild 

discomfort due to the pressure exerted by the cap and sensors on the user’s head.  To minimize this risk, 

caps are available in three sizes and are adjustable. 

The sensor headset is integrated with the neurocognitive test battery 

to allow simultaneous acquisition of EEG (8 channels Fz, Cz, POz, F3, C3, 

C4, P3, P4), performance, and heart-rate data during tests of vigilance, 

attention and memory in the Alertness and Memory Profiling System 

(AMP).  The AMP uses a multivariate approach that allows simultaneous 

acquisition and analysis of data that requires days or even weeks with 

conventional laboratory methods.  The brief AMP consists of four tasks: 

the 3 Choice Vigilance Task (3C-VT), Eyes Open vigilance task (EO), Eyes 

Figure 1. The B-Alert 
Sensor headset.   



 

7 | P a g e  
Distribution Statement A: Approved for public release; distribution is unlimited 
 

Closed vigilance task (EC), and Standard Image Recognition (SIR) tests. We are also evaluating adding the 

multiple object tracking task, as a working memory task. 

2.2.5. AMP Task details. The AMP test battery consists of four tasks: 

1. The 3-Choice Vigilance Task (3C-VT) incorporates features of the most common measures of 

sustained attention, such as the Continuous Performance Test, Wilkinson Reaction Time, and the PVT-

192, and it was designed to allow simultaneous monitoring and 

quantification of the EEG. The 3C-VT requires subjects to discriminate one 

primary (70%) from two secondary (30%) geometric shapes presented for 

0.2 seconds over a 20-minute test period. A training period is provided 

prior to the start to minimize practice effects. The 3C-VT challenges the 

ability to sustain attention by increasing the inter-stimulus interval (ISI) 

across four, 5-minute quartiles.  During the first 5-minute quartile, the ISI 

ranges from 1.5 to 3 seconds, increasing up to 6 seconds during the second 

5-minute quartile, and up to 10 seconds during the third and fourth 5-

minute quartiles, for a total of 20 minutes for the entire task.  Subject’s 

performance during the 3C-VT has proven sensitive to the effects of full 

and partial sleep deprivation in healthy subjects and to excessive daytime sleepiness in patients with 

Obstructive Sleep Apnea(85-86). Concurrent validity was established in sleep deprivation studies by 

correlation with behavioral evidence as measured by: cessation of finger tapping; visually scored 

observations of facial signs of drowsiness (eye closures, head nods); responses to a subjective sleepiness 

questionnaire; visually scored EEG; modified MWT; handheld PVT-192 test; and driving simulator 

performance (85).  

2. Each AMP session includes a 5-minute Eyes Open (EO) and Eyes Closed (EC) with paced button 

press. EO presents a 10 cm circular image for 200 milliseconds in the center of the computer monitor, 

repeating every two seconds. Participants are instructed to press the space bar each time they see the 

image. For EC, an auditory tone every 2 seconds prompts participant to press the space bar. 

3. The Image Recognition and Memory Test (IR) evaluates attention, distractibility, encoding and 

image recognition memory. For the Standard IR, during the training session, a group of 20 images are 

presented twice. The testing session presents the 20 training images randomly interspersed with 80 

additional images. Subjects must indicate whether or not the image was in the training set. Five 

equivalent image categories are available including animals, food, household goods, sports, and travel.  

AMP Metrics: The AMP results in performance, EEG, and EKG metrics.  The performance metrics are 

percentage correct, incorrect, and missed (also referred to as lapses), as well as reaction time.  EEG 

metrics are classic bandwidths (delta, theta, alpha, beta, gamma and sigma) and our proprietary 

algorithms from drowsiness to alertness. These metrics were developed by having a large population 

complete tasks that were accepted in the literature as requiring a) almost no attention (EC), b) a small 

amount of attention (EO), and c) a great deal of attention (3CVT).  Then certified experts in sleep 

medicine scored each of these EEG sessions and identified epochs they considered to be indicative of 

sleep.  Those epochs that had consensus were used to anchor the model’s low end as sleep onset, while 

those epochs that were not agreed upon were removed from the development analysis.  A four class 

quadratic discriminate function model was then trained to identify the four classes: sleep onset, 

Figure 2. Example of an 
instruction screen for the 
3CVT.    
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distraction, low engagement, and high engagement.  The training data included n=160 healthy subjects, 

with at least ten subjects in each decade of age from 18-70(85).   

EKG metrics are heart rate and heart variability measures that include low frequency variability, high 

frequency variability and the ration between low and high frequency.  Low frequency is associated with 

sympathetic activation and anxiety (87-92), while HRV in general has correlations with cognitive function 

that are only recently being discovered and elucidated (91).   

2.2.6. Blood Spots.  Blood Spots were collected using finger pricks at Baseline, and at the end of 

each session (for acute) or class (for chronic).  A 21g UniStick (Murietta, GA) was used to prick the 

middle finger of the non-dominate hand, and 7 full spots were collected according to standard 

procedures on Whatman 903 filter paper card (with 5 spots on each card, Piscataway, NJ).  Blood was 

then allowed to dry at room temperature, and stored with a desiccant packet until shipment for assay.  

Five spots were used for Multiplex assay for a panel of inflammatory cytokines (Rules Based Medicine, 

Austin TX), and 2 spots from a second card were submitted to OmegaQuant (Sioux Falls, SD) for 

assessment of the Omega-3 level across conditions.   

2.2.7. Saliva.  Saliva was collected at the same time points as blood spots and submitted to ELISA for 

a panel of cytokines by the Shaw laboratory at Washington University, St Louis.  Salivary collection 

consisted of asking participants to chew on the cotton swab part of the Salivette (Sarstedt  51.1534, 

Newton NC)  

2.3. Protocols 

2.3.1. Acute.  The acute study consisted of a double-blind, cross over design.  Thus each subject had 

three sessions.  The initial session includes the orientation to the study, informed consent, and then 

collection of fully rested assessment of all metrics, including the AMP/EEG, subjective metrics, and 

assignment of sleep and food logs, and pills.  The next two experimental sessions were identical, with 

the exception of the placebo or Omega-3 treatment.  The condition/pill assignment for the first session 

was randomly assigned, with half of the subjects beginning with Omega-3 fatty acids, and the other half 

placebos.  The condition/pill assignment was switched for the second session.  The timing of the three 

sessions is as follows: orientation, take pills for 4-6 weeks, session 1, take second set of pills for 4-6 

weeks, session 2.  Each experimental session included the last 24 hours of a 48 hour period of sleep 

deprivation.  One week before each experiment session participants were sent an actigraph to wear for 

the week to determine regular sleep cycles, and to confirm compliance with the sleep deprivation 

requirements.  In addition, participants were required to call a voice mail line every 2 hours during 

regular working hours and every 30 minutes thereafter for the 24 hours of sleep deprivation that 

occurred prior to arrival at the office.   

Once subjects arrive, the participants filled out the subjective measures and began the first cycle of 

AMP (3CVT, EO, EC, and SIR).  In addition to these data presented herein, subjects also completed the 

Automated neuropsychological Assessment Metrics (ANAM) administered upon arrival (24 hr sleep 

deprived), at the diurnal dip (30 hr sleep deprived), and during the last cycle (48 hr sleep deprived).  This 

schedule allowed for 8 identical cycles (with unique stimuli to reduce learning effects) of AMP to occur 

approximately every 3 hours, with a minimum of 60 minute breaks in between each cycle.  After cycle 5, 

participants were also allowed to take one 40 minute “powernap”.   
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2.3.2. Chronic.  

The chronic protocol consisted of a between subjects, double blind design with repeated evaluations, 

including a fully rested baseline (during MART, Marines awaiting recon training, the week prior to the 

course beginning) and  six repeated assessments throughout the last half of the 12 wk training.  

Recruitment occurred during MART, at 1600-1800, where all available potential class members were 

given a description of the study and asked to volunteer (only students were present to ensure freedom 

of choice for the Marines).  Those willing to participate were asked to stay and underwent informed 

consent in a private area.  Once informed consent was obtained, biomarker samples were collected to 

ensure that no diurnal differences would confound the data collected at the end of the course, which 

required evening collection.  The following morning at 0800-1000 participants completed the AMP and 

self report baselines.   At this point participants were assigned to either the BLUE or ORANGE groups (in 

order to maintain double blind nature of the design) and asked to take pills from the appropriately color 

coded bottles on a daily bases as described above, as well as fill out food and sleep logs daily, for the 

remaining 12 weeks of the course/study.  Additional AMP and self report measures were then collected 

at 1700 every 7-10 days beginning midway through the training course and continuing until the end of 

the class.  On the final data collection date, biomarkers were again collected.  Only after final data 

analysis was completed did unblinding occur for presentation herein.   

III. Results 

3.1. Acute 

3.1.1. Omega-3 Blood Lipid level.  Omega-3 blood lips 

profiles were analyzed to ensure both compliance and 

to determine the efficacy of the intervention.  ANOVA 

found that Omega-3 treatment lead to a significant 

elevation in blood lipid levels of Omega-3 fatty acids 

compared to placebo, F(1,27) = 4.02, p < .01.  Figure 3 

presents these data. 

3.1.2. Self Report Mood/Well Being.  Self report 

metrics from the POMS, BDI, CESD, STAI, MOS-36, and 

PSQI were analyzed.  Overall, there were few 

differences across groups or changes from baseline.  

Table 2 summarized these data, and includes published 

norms for comparison.    Generally, this young, healthy 

population had better than normal/normal range of 

responses on all of these metrics, with the exception of the STAI.  The STAI indicated that this population 

as a whole had slightly elevated anxiety compared to norms.   

  The only significant differences revealed by ANOVA were for POMS Vigor, F(2,86) = 5.96, p < .01 

and Fatigue F(2,86) = 3.66, p < .05, although the overall trend in the means is for Omega treatment to 

lead to slight improvements.  For Vigor, post hoc analysis revealed that placebo had significantly less 
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Figure 3.  Omega-3 blood lipid % across 

treatment found that Omega-3 

supplementation improved this metric.  
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vigor compared to both Baseline and Omega.  For 

Fatigue, Placebo treatment was associated with greater 

fatigue compare to both Baseline and Omega.  These 

data are shown in Figure 4.   

3.1.2. Performance.  Lapses (failure to respond for 3 s 

or longer) during the passive auditory (EC) and visual 

(EO) vigilance tasks were examined.  Repeated 

measures two-way ANOVA (treatment X time) found no 

significant differences (p > .05) over time, across 

treatment, or any interaction of time and treatment.   

Accuracy and speed were analyzed for both the 

3CVT and the IR tasks using Repeated ANOVA across 

the fully rested baselines and the eight sleep deprived 

time points.  The  repeated  ANOVA (2 X 9) revealed 

that Omega-3 supplementation led to significantly 

better accuracy on both parameters for both tasks, Fs 

(8,219) > 2.79, ps < .01, but only marginally faster 

speeds Fs (8,219) > 1.68, ps ≤ .10.  These data are 

shown in Figure 5.   

 

Table 2.  

Measure Scale Norm BL Omega Placebo p 

BDI Depression 0-13    NS 
CESD Depression 0-16    NS 
STAI Anxiety 36 +/- 10    NS 
PSQI Sleep Quality 0-5    NS 
MOS Physical >84.2    NS 
 Role- Physical >80.9    NS 
 Bodily Pain >75.2    NS 
 General Health >71.9    NS 
 Vitality >60.9    NS 
 Social Functioning >83.3    NS 
 Role- Emotional >81.3    NS 
 Mental Health >74.7    NS 
POMS Tension/Anxiety <8    NS 
 Depression <8    NS 
 Anger <8    NS 
 Vigor >19 23.6 22.8 19.6 .05 
 Fatigue <8 2.2 2.7 4.8 .05 
 Confusion <6.5    NS 
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Figure 4.  POMS Vigor and Fatigue scales across 

treatment conditions.  Placebo treatment led to 

reduced Vigor and elevated Fatigue, however 

both were well within normal or better 

compared to published norms.    
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Further analysis was conducted to determine when performance began to significantly 

decrement in comparison to baseline for both tasks.  Individual ANOVAs (2 X 1) were conducted, and 

revealed that for the placebo condition, performance began to significantly decrement at 24-27 hr  for 

both performance metrics on both tasks,  Fs (1,27) > 6.43, ps < .05.  However, this analysis conducted on 

the Omega-3 treatment group, found that baseline level performance was preserved for both metrics, 

across both tasks until 39-42 hr of sleep deprivation, Fs (1,27) > 6.52, ps < .05. These data points are 

indicated with an asterisk (*) in Figure 5.   

Additional analysis was done across the 4 quartiles of the 3CVT in 4 separate repeated two way 

ANOVAS (treatment X time), 1 per quartile.  A main effect of treatment, Fs(1,29) ≥ 18.15, ps ≤ .001; and 

time, Fs(8,219) ≥ 14.81, ps ≤ .01 occurred as early as quartile 2 for both speed and accuracy.  However 

the interaction of treatment X time only occurred in the final quartile for speed, Fs(8,219) ≥ 2.21, ps ≤ 

.05.  These data are shown in Figure 6.   

Performance metrics for the ANAM tasks were also examined.  A two way ANOVA (treatment X 

time) revealed no significant main effects for time or treatment, or any interaction of time X treatment.   

These data are shown in Figure 7.   

 

 

 

 

0.5

0.6

0.7

0.8

0.9

1

BL 24 27 30 33 36 39 42 45

R
e

ac
ti

o
n

 T
im

e
 (

s)
*

*
0.5

0.6

0.7

0.8

0.9

1

BL 24 27 30 33 36 39 42 45

*

*

60

70

80

90

100

BL 24 27 30 33 36 39 42 45

A
cc

u
ra

cy
 (

%
)

Hours of Sleep Deprivation

Omega Placebo

*

*

60

70

80

90

100

BL 24 27 30 33 36 39 42 45

Hours of Sleep Deprivation

Omega Placebo

*

*

A. 

C. D. 

B. 

Figure 5.  Performance metrics for 3CVT (A, B) and IR (C, D) including Speed (A, C) and 

Accuracy (B, D).  Asterisks (*) Indicate the time at which performance decremented 
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Figure 7.  ANAM  performance metrics for Tower puzzle (A), Code substitution (B), Delayed Code substitution 
(C), Match to sample (D), Logical reasoning (E), mathematical processing (F), Procedural response time (G) 
and Simple response time tasks (H).   

Figure 6.  3CVT performance metrics by quartile (20 min task examined in 5 minute sections).  Reaction 
Time for Quartiles 1-4 are shown in A-D, while accuracy is shown in E-F.  Main effects for time and 
treatment occur from Quartile 2 on (B, F), while interaction of time X Treatment occurs only in the last 
quartile (D, H).   
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3.1.3. EEG ERPs.   

 3CVT.  For the 3CVT data, the ERP for the Correct Targets were calculated and the average 

amplitudes of the P300 feature (between 175-450 ms) were compared across treatments at baseline, 

and after 24 and 48 hr of sleep deprivation, for frontal, central, and parietal sites (Figure 8 A, B, C 

relatively).  ANOVA found significant effects over time x treatment for frontal, F (2,78) = 4.24, p < .05, 

central, F (2,78) = 7.77, p < .01, and parietal F (5, 166) = 8.95, p < .01 regions.  Post hoc analysis revealed 

that these effects were driven primarily by significant reduction of the P300 aspect  at 24 hr between 

baseline and placebo, while at 48 hr, both placebo and Omega were significantly reduced compared to 

baseline.  These data are shown in Figure 8a.   

Further analysis examined Q1 and 4 (first five min and last 5 min of the 20 min task) to 

determine if performance changes that occurred across treatment by quartile were also present in the 

physiological signal.  Repeated measure ANOVA found no significant interaction of time X treatment 

effect or treatment main effect in Q1 (data not shown), however, a main effect of time occurred in all 

regions.  In Q4, repeated measures ANOVA found treatment X time effects for frontal, F (2,78) = 3.52, p 

< .05; central, F (2,78) = 3.55, p < .05; but not  parietal regions , F (2,78) = 1.7, p = .1885; see Figure 8b). 

IR.  The average difference of the P300 wave forms for targets versus non-targets were 

calculated and examined to determine the effect of Omega on a memory task.  Repeated measures 

ANOVAs  revealed significant treatment X time effects for the frontal, F (2,78) = 5.31, p < .01; central, F 

(2,78) = 8.59, p < .001 and parietal regions F (2,78) = 14.80, p < .001 (see figure 9).  There were also main 

effects of time and treatment for each region (ps < 0.05).  Post hoc analysis revealed that this was 

primarily due to the increase in the amplitude of difference wave form in the Omega treatment group 

for all regions, but only at 24 hr.   
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Figure 8.  P300 feature maximum amplitude for correct targets for the 3CVT for the entire 
session (A), quartile 1 (B), and quartile 4 (C).  As with performance, ERP components that are 
significantly altered by Omega appear to develop after the first 5 min of the task.   
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3.1.4. Biomarkers/Cytokines. A total of 32 biomarkers were analyzed, however several were 

consistently below the minimal threshold of the assay, leaving a total of 20 analytes.  Separate ANOVAs 

conducted on individual analytes (with the appropriate Bonferoni adjustments) found that only two 

analytes were significantly different across conditions (baseline, Placebo, Omega): IL-1 , IL-1 , and IL-

6.  The ANOVA for IL-6  reveled a main effect of treatment, F(2,81) = 4.47, p < .05, that post hoc analysis 

further revealed occurred by the Omega treatment maintaining baseline levels of IL-6.  The ANOVA for 

IL-1 revealed a main effect for treatment as well, F(2,81) = 3.81, p < .05, that post hoc analysis further 

found was due to a suppression of IL-1 in the Omega treatment group compared to both baseline and 

placebo.  These data are shown in Figure 810, with asterisks (*) denoting significant effects.   
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Figure 10.  Biomarkers for under acute sleep deprivation of 48 hours.  Omega treatment 
maintained baseline levels of IL-6 (A), and suppressed below baseline and placebo for 

IL-1  (B) and below placebo for IL-1  (C).   

Figure 9.  P-300 difference waves from correct targets minus non-targets for the IR task.  
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3.1.5. Relationships.  A stepwise multiple regression was conducted to determine what physiological 

and self report factors explained performance decrement over the sleep deprivation period, regardless 

of condition.  The Summary of the variables selected are shown in Table 3.  Figure 11 presents the 

variability explained by variable selected in the analysis, with the type of metric color coded by 

biomarker – red, demographic/self report- orange, P300/ERPS- blue.  While biomarkers were rarely 

significantly different across treatment groups, they explained 17-39% of the variance in performance 

decrement over time.  Self report and demographic metrics explained 32-40%, with the strongest 

predictor across all performance categories being Vigor (up to 23%).   

Table 3 

Type Measure 3CVT RT 3CVT PC SIR RT SIR PC 

Biomarker BDNF 
   

X 

 
Etxn1 X 

   
 

FVII 
  

X X 

 
IL18 

   
X 

 
IL1a X X 

  
 

IL1aratio 
 

X 
  

 
IL1b 

  
X X 

 
IL1bratio X 

   
 

IL23 X X 
 

X 

 
IL4 X X 

  
 

IL6 
   

X 

 
IL7 X X 

  
 

IL8 X 
 

X X 

 
MIP1b 

 
X 

  
 

MMP3 
   

X 

 
SCF 

  
X 

 Demographic BMI X X 
  

 
Age 

 
X 

  
 

Treatment 
 

X 
 

X 

Self Report BDI (depression) X 
 

X X 

 
MOS_Vitality X X 

  
 

MOS_Mental Health 
 

X 
  

 
MOS_Pain X X 

 
X 

 
MOS_Physical Role X 

  
X 

 
MOS_Social Functioning 

  
X 

 
 

POMS_Anger X X 
  

 
POMS_Anxiety 

 
X 

  
 

POMS_Confusion 
  

X 
 

 
POMS_Depression 

  
X 

 
 

POMS_Vigor X 
 

X X 

 
Sleep Quality X 

 
X X 

 
Trait Anxiety 

  
X 

 P300 CVT_48Central X X 
  

 
CVTQ1_48Parietal X 

   
 

CVTQ4_24Parietal X X 
  

 
SIR24_Frontal 

  
X 

 
 

SIR24_Parietal 
  

X X 

 
SIR48_Central 

    
 

SIR48_Parietal 
  

X 
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3.2. Chronic 

3.2.1. Omega-3 Blood Lipid level.  Omega-3 

blood lipid profiles were assayed for a subset 

of participants to confirm the efficacy of the 

treatment.  Mean lipid profile of Omega-3 in 

the Omega groups was 4.2% +/.6 compared to 

the placebo group 2.1% +/- .8.    

3.2.1. Sleep (actigraphy/self report).  

Complete records of average sleep were 

determined by combing both the actigraphy 

and sleep log data, as well as the self report 

metric on the PSQI, for baseline.  Accumulated sleep 

deprivation was calculated by taking the baseline 

Figure 11.  Stepwise regression results for 3CVT speed (A), accuracy (B), and IR Speed (C) and 
Accuracy (D).  Red shades indicates cytokines/biomarkers, Orange shades indicate self 
report/demographic, blue indicates P300 metrics, and purple is other, unexplained variance 
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B. 

D. 

Figure 12.  Cumulative sleep loss over time.    
Marines lost up to 61 hr during the 12 week 
training 
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self report as the norm, 6.6 hr.  Thus these Marines were already acquiring less than the recommended 

7.5 hr minimum, and thus may have begun the study sleep deprived.  Repeated ANOVA found no 

interaction of treatment and time, nor any main effect of treatment on amount of sleep obtained.  

However, a main effect of time was found for the amount of sleep debt accumulated.  At baseline all 

subjects were acquiring 5.5-7.5 hr per night, with a mean of 6.6 hr.  These data are shown in Figure 12.  

From here forward, graphs are labeled with the average amount of sleep loss based on this analysis. 

3.2.3. Self Report Mood/Well Being.  Self 

report metrics from the POMS, BDI, CESD, 

STAI, MOS-36, and PSQI were analyzed.  

Overall, there were significantly more 

differences across groups that found in 

the acute study.  First, while assignment 

was done randomly, there were 

differences across the groups at baseline 

for perceptions of STAI- Anxiety, MOS- 

Physical Role capability, MOS- Bodily Pain, 

and POMS- Tension.  In addition, all 

participants scored higher than normal on 

STAI Anxiety, PSQI (i.e. sleep quality was 

below average), more than normal 

perceptions of bodily pain, and lower than 

normal overall mental health, as well as greater 

than normal Tension, Anger, and Fatigue.  

However, even with these baseline differences, 

the Omega treatment significantly elevated 

perceptions of vigor, reduced fatigue, and reduced perceptions of overall physical health and bodily pain 

compared to placebo, regardless of time.  In addition, over the course of the training course, the 

Placebo treatment group had greater perceptions of depressive symptoms, anxiety, bodily pain, tension 

and anger.  These data are summarized in Table 4.  Figure 13 presents the main effect of treatment for 

Fatigue and Vigor for ease of comparison with the acute data.   

 

 

 

 

 

 

 

 

 

 

Figure 13.  POMS main effects of Vigor and Fatigue.  
Vigor is consistent with the acute study levels, however 
fatigue is nearly double, at baseline and subsequent 
time points.  
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Table 4.  

Measure Scale Norm Omega Placebo P(Tx) P (Ixn) 

CESD Depression 0-16 8.8/10.3 10.3/19.2 NS .005 
STAI Anxiety 36 +/- 10 65.2/58.7 75/76.7 NS .020 
PSQI Sleep Quality 0-5   NS NS 
MOS Physical >84.2 91.1/96.4 91.4/81.2 .030 .006 
 Role- Physical >80.9 91.0/96.5 81.6/72.6 NS .030 
 Bodily Pain >75.2 67.8/64 57.6/57 .020 .001 
 Vitality >60.9   NS NS 
 Social Functioning >83.3   NS NS 
 Role- Emotional >81.3   NS NS 
 Mental Health >74.7   NS NS 
POMS Tension/Anxiety <8 9.4/4 12.2/13 NS .001 
 Depression <8 6.38/5.2 10.8/15 NS .001 
 Anger <8 10.7/10 13.4/20.3 NS .019 
 Vigor >19 21.3/22.7 20.1/17.3 .004 NS 
 Fatigue <8 10.3/9.6 12.4/17.2 .020 NS 
 Confusion <6.5   NS NS 

 

3.1.2. Performance.  Lapses (failure to respond for 3 s or longer) during the passive auditory (EC) and 

visual (EO) vigilance tasks were examined.  Repeated measures two-way ANOVA (treatment X time) 

found no significant differences (p > .05) over time, across treatment, or any interaction of time and 

treatment, similar to the failure of this metric to distinguish treatment effects in the acute study.   

Accuracy and speed were analyzed for both the 3CVT and the IR tasks using Repeated ANOVA 

across the fully rested baselines and the eight sleep deprived time points.  The  repeated  ANOVA (2 X 9) 

revealed that Omega-3 supplementation led to significantly better accuracy on both parameters for 

3CVT, Fs (6,108) = 3.27, p < .01, but not for the IR task.  These data are presented in Figure 14. 

Based on this, the analysis to determine at what point performance began to decrement was 

performed only for the 3CVT.  For both speed and accuracy, this occurred in session 5 (week 10 of the 12 

week class), at an average of 31 hr of sleep deficit, Fs(1,22) ≥ 21.23, ps ≤ .0001.   

Additional analysis was done across the 4 quartiles of the 3CVT in 4 separate repeated two way 

ANOVAS (treatment X time), 1 per quartile.  A main effect of treatment, Fs(1,23) ≥ 14.62, ps ≤ .01 

occurred beginning in quartile 2 for both speed and accuracy.  However the interaction of treatment X 

time only occurred in the final quartile, Fs(6,108) ≥ 3.77, ps ≤ .01.  In contrast, Speed became different in 

quartile 2, but over the course of the class, this difference dissipated as sleep loss increased.  These data 

are shown in Figure 6. 
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Figure 14.  Performance metrics for chronic study 3CVT (A, B) and IR (C, D) including 

Speed (A, C) and Accuracy (B, D).  Asterisks (*) indicate the point at which performance 

became decremented below that of baseline.   

Figure 15.  3CVT performance metrics by quartile for the chronic study (20 min task examined in 5 minute 
sections).  A-D represent speed, E-H accuracy.  Effects began in quartile 2.  
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3.1.3. EEG ERPs.   

 3CVT.  For the 3CVT data, the ERP for the Correct Targets were calculated and the average 

amplitudes of the P300 feature (between 175-450 ms) were compared across treatments at each time 

point, for frontal, central, and parietal sites (Figure 16).  Repeated ANOVA found no significant effects 

over time x treatment.  However, main effects of treatment were revealed for frontal, F (1,19) = 5.99, p 

< .02; central, F (1,19) = 11.32, p < .01; and parietal regions , F (1,19) = 6.16, p = .02.   

Further analysis examined Q1 and 4 (first five min and last 5 min of the 20 min task) to 

determine if performance changes that occurred across treatment by quartile were also present in the 

physiological signal in the chronic study as it did in the acute study.  Repeated ANOVA found no 

significant effects over time x treatment in quartile 1.  For quartile 4, main effects of treatment were 

revealed for frontal, F (1,19) = 5.75, p < .02; central, F (1,19) = 7.55, p < .01; and parietal regions , F 

(1,19) = 21.94, p = .001 (as with the overall session, so time X treatment effects occurred for either 

quartile).  These data are shown in Figure 16. 

  

  

 

 

 

 IR.  The average difference of the P300 wave forms for targets versus non-targets were 

calculated and examined to determine the effect of Omega on a memory task.  However, like 

performance on the IR task in the chronic participants, no significant effects were found for the P3-00 

difference wave.   
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Figure    Figure 16.  P300 component for 3CVT correct targets for the chronic study.  P300 maximal 
amplitude occurred over the 20 min session (A), and similar to the acute data the P300 component does not 
appear in quartile 1 (B), but is clear by quartile 4(C).   
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3.1.4. Cytokines. A total of 32 biomarkers were analyzed in blood, and in addition, 7 were analyzed in 

saliva as well, however several were consistently below the minimal threshold of the assay, leaving a 

total of 23 analytes.  Because of the between subject design for this study, a pre and post treatment 

sample were acquired.  Thus the change from baseline was analyzed.  Omega treatment significantly 

suppressed expression over time for many of the pro-inflammatory analytes (blood  IL-18, IL-8, MCP1; 

salivary IFN, IL-1, IL-2, IL-4, and TNF), reduced expression to below baseline for blood  MIP1b, IL-1, 

and salivary IL-6(marginal).  Table 5 summarizes these findings.   

Table 5 

Type 
Inflammatory 
type Measure Omega Placebo P 

Blood + IL-18 95.9 175.3 NS 

 

+ IL-8 17.7 26.5 .0009 

 

+ MCP1 105.6 147.3 .03 

 

+ MIP1b -36.42 12 .0001 

 

+ MMP2 .97 1.78 NS 

 

- BDNF 1.3 1.1 NS 

 

+ Eotaxin -59.85 -47.54 NS 

 

+ ICAM .35 6.14 NS 

 

+ IL1  -.04 -.01 .0002 

 

+ IL-1 -13.0 1.08 NS 

 

+ IL-15 .02 -.05 NS 

 

+ IL-1ra 2385 2475 NS 

 

+ IL-23 .09 .15 NS 

 

+ MMP3 -2.11 -3 NS 

 

- SCF 10 6.8 NS 

 

- VEGF 342 335 NS 

Saliva + IFN .08 .85 .04 

 

+ IL-1 3.6 6.7 .05 

 

+ IL-2 1.6 6.0 .02 

 

+ IL-4 .006 .45 .01 

 

+ IL-6 -.45 .82 NS(.08) 

 

+ TNF 1.24 1.25 NS(.09) 

3.1.5. Relationships.  As with the acute study, we examine the relationship between physiological and 

self report measures in explaining the change in performance over time for 3CVT and IR accuracy and 

speed.   Metrics that were not significant in either study across treatment groups, such as heart rate and 

heart rate variability were found to explain variance in performance with these analysis.  It should 

simply be noted that there were no effects for these metric in other analysis outside of the stepwise 

regression.  As with the acute data, biomarker cytokine activity was significant, as were self report 

metrics.  In contrast, very few metrics were found to be required to explain the variance in these 

participants for each of these performance metrics (as few as 3 or 4 for each).  Figure 17 describes the 

results of this analysis.   
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3.3. Acute vs. Chronic 

Table 6 presents the best fit lines to calculate how acute and chronic sleep loss relate, based on the 

performance metrics for 3CVT and IR. Acute sleep deprivation often leads to a sharper decrement in 

performance, as would be expected.  Figure 18 presents a composite standard curve based on these 

equations that can be used to determine how acute deprivation relates to chronic debt accumulation.  

Speed and accuracy appear to have somewhat different relationships compared across acute and 

chronic sleep deprivation, and are therefore given separate presentation.   The average best fit line is 

shown to provide an easy calculation for any future data to translate across acute and chronic sleep 

deprivation data.   

 

Figure 17.  Stepwise analysis reveals that , unlike in the acute study, the decrement in 
performance over the chronic study was explained by fewer variables (no more than 4), and one 
variable primarily explains the change in performance for each metric: 3CVT speed (A), 3CVT 
accuracy (C), IR speed (B) and accuracy (D).  Inflammatory cytokines primarily explain accuracy 
on both tasks.   

A. 

D. C. 

B. 
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Table 6 

 Metric Acute Chronic 

3CVT Speed Y=0.0078x+0.435 Y=0.0014x+0.6286 

3CVT Accuracy Y=-0.1074x+71.309 Y=-0.7845x+89.51 

IR Speed Y=0 .0101x+0.3763 Y=0.0005x+0.5902 

IR Accuracy Y=-0.1901x+93.562 Y=-0.9324x+114.61 

 

 

 

IV. Conclusions 
The data gathered in the course of this work indicate that Omega-3 supplementation can preserve 

baseline performance on neurocognitive tasks for up to 39 hr of acute sleep deprivation, and 31 hr of 

chronically accumulated sleep debt.  The chronic data must be interpreted with the understanding that 

the participants reported acquiring less than the minimum recommended sleep at baseline (6.6 hr), and 

that sleep dent was calculated based on the self reported norm.  Thus the performance decrements may 

have been more prominent earlier in both conditions if these participants had begun the study fully 

rested.   

The performance decrement patterns were supported by commensurate alterations in the p300 

component of the ERPs for each task.  In the 3CVT, in both studies, performance began to decrement 

most after the first 5 min of the 20 min task.  The P300 amplitudes also did not show a difference until 

after the first 5 min.  This is of note when we examine the ANAM data.  The ANAM tasks are highly 

abbreviated, lasting only 5 min at the longest.  Thus such short tasks may not be sensitive to the effects 

of these types of interventions.  In contrast, we also found that shorter IR task (6 min) was able to 

distinguish across treatment groups in the acute study.  This may be due to the more complex nature of 

the task that pushes short term memory to recognize 20 memorized targets.   
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Figure 18.  Acute vs. chronic translation/standard curves for speed (A) and accuracy (B).   
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In addition to the physiological metrics, the biomarker/cytokine metrics also demonstrated a 

reduction or suppression of inflammatory response in both studies in the Omega group.  These effects 

were more evident in the chronic study, and may be due to the fact that all participants in the chronic 

study were supplemented a total of 12 weeks, through the course, while the acute subjects were 

supplemented a maximum of 6 weeks.  Regardless, these data support the hypothesis that the 

inflammatory system is playing a mediating role in the effects of sleep loss, whether chronic or acute, 

and that modulating the inflammatory response through Omega-3 supplementation is effective at both 

reducing overall inflammation and preserving performance. 

The blood lipid profiles indicate that the supplementation was effective at increasing physiologically 

available Omega-3.  However, even after up to 12 weeks of supplementation, the participants in both 

studies remained well below the recommended level of 7%, with the placebo group at well below the 

minimal level required for heart health, 3% (93).  Given the time it takes to improve blood lipid profiles 

through supplementation alone, most researchers recommend not only increasing Omega-3 foods (cold 

water fatty fish, tree nuts, flax) but also reducing the amount of high Omega-6 (pro-inflammatory) foods 

(fried foods, grain fed meats, peanuts).  These data support that recommendation.  

Inflammatory markers and self report/demographics explained the majority of the variance in 

performance decrement, with the cleanest and clearest relationships revealed in the chronic study.  

Thus, in addition to Omega-3 supplementation to reduce inflammation, interventions that improve 

perceptions of self efficacy (i.e. vigor, role functioning) may also improve performance preservation 

when sleep deprived.   

Based on these data, Omega-3 supplementation for the military is supported to improve cognitive 

functions and mood perception when soldiers are likely to undergo periods of acute or chronic sleep 

loss.   However, improving the dietary Omega-3:Omega6 intake would also be advantageous.   

The majority of research on sleep loss is conducted using the acute sleep deprivation model, while 

the majority of daily activities, and certainly the majority of military tasks occur under conditions of 

chronic sleep debt, accumulated sleep loss over time.  We were able to take advantage of the parallel 

design of these studies to develop standardized curves to compare acute studies, and how they relate to 

chronic sleep deprivation.  It should be noted that the participants used to develop these curves were 

likely already somewhat sleep deprived, and thus more likely to correlate to the common soldier and 

sailor.   

This study allowed us to meet our three objectives: 1) assess the effectiveness of Omega-3 fatty 

acids in mitigating the effects of acute and chronic sleep deprivation, 2) assess inflammatory activity 

throughout both acute sleep deprivation in order to begin to determine if the effects of sleep loss are 

primarily mediated through inflammation, 3) compare how acute and chronic sleep loss compare on 

identical metrics to develop “standardized curves” for use by military leaders.  However, we do not 

know how many hours of recovery sleep, or how many days of “normal” sleep with or without Omega-3 

supplementation are required to return a sleep deprived soldier or sailor back to baseline performance 

levels.  Nor do we have any metrics on the efficacy of this intervention on preserving performance on 

military relevant tasks.  Future work should address these issues.   

 

 



 

25 | P a g e  
Distribution Statement A: Approved for public release; distribution is unlimited 
 

V. References 
1. Murphy TI, Richard M, Masaki H, Segalowitz SJ. The effect of sleepiness on performance 
monitoring: I know what I am doing, but do I care? Journal of sleep research. 2006;15(1):15-21. 
2. Tsai LL, Young HY, Hsieh S, Lee CS. Impairment of error monitoring following sleep deprivation. 
Sleep. 2005;28(6):707-13. 
3. Hack MA, Choi SJ, Vijayapalan P, Davies RJ, Stradling JR. Comparison of the effects of sleep 
deprivation, alcohol and obstructive sleep apnoea (OSA) on simulated steering performance. Respiratory 
medicine. 2001;95(7):594-601. 
4. Nakano T, Araki K, Michimori A, Inbe H, Hagiwara H, Koyama E. Temporal order of sleepiness, 
performance and physiological indices during 19-h sleep deprivation. Psychiatry and clinical 
neurosciences. 2000;54(3):280-2. 
5. Pack AI, Maislin G, Staley B, Pack FM, Rogers WC, George CF, et al. Impaired performance in 
commercial drivers: role of sleep apnea and short sleep duration. American journal of respiratory and 
critical care medicine. 2006;174(4):446-54. 
6. Tucker MA, Hirota Y, Wamsley EJ, Lau H, Chaklader A, Fishbein W. A daytime nap containing 
solely non-REM sleep enhances declarative but not procedural memory. Neurobiology of learning and 
memory. 2006;86(2):241-7. 
7. Bryant PA, Trinder J, Curtis N. Sick and tired: Does sleep have a vital role in the immune system? 
Nat Rev Immunol. 2004;4(6):457-67. 
8. Burgos I, Richter L, Klein T, Fiebich B, Feige B, Lieb K, et al. Increased nocturnal interleukin-6 
excretion in patients with primary insomnia: a pilot study. Brain Behav Immun. 2006;20(3):246-53. 
9. Hui L, Hua F, Diandong H, Hong Y. Effects of sleep and sleep deprivation on immunoglobulins 
and complement in humans. Brain Behav Immun. 2006. 
10. Majde JA, Krueger JM. Links between the innate immune system and sleep. The Journal of 
allergy and clinical immunology. 2005;116(6):1188-98. 
11. McEwen BS. Sleep deprivation as a neurobiologic and physiologic stressor: Allostasis and 
allostatic load. Metabolism: clinical and experimental. 2006;55(10 Suppl 2):S20-3. 
12. Vgontzas AN, Bixler EO, Lin HM, Prolo P, Trakada G, Chrousos GP. IL-6 and its circadian secretion 
in humans. Neuroimmunomodulation. 2005;12(3):131-40. 
13. Vgontzas AN, Pejovic S, Zoumakis E, Lin HM, Bixler EO, Basta M, et al. Daytime napping after a 
night of sleep loss decreases sleepiness, improves performance, and causes beneficial changes in 
cortisol and interleukin-6 secretion. Am J Physiol Endocrinol Metab. 2007;292(1):E253-61. 
14. Bird MD, Kovacs EJ. Organ-specific inflammation following acute ethanol and burn injury. 
Journal of leukocyte biology. 2008. 
15. Gordon MA, Gordon SB, Musaya L, Zijlstra EE, Molyneux ME, Read RC. Primary macrophages 
from HIV-infected adults show dysregulated cytokine responses to Salmonella, but normal 
internalization and killing. AIDS (London, England). 2007;21(18):2399-408. 
16. Capuron L, Dantzer R. Cytokines and depression: the need for a new paradigm. Brain, behavior, 
and immunity. 2003;17 Suppl 1:S119-24. 
17. Schulz S, Schagdarsurengin U, Suss T, Muller-Werdan U, Werdan K, Glaser C. Relation between 
the tumor necrosis factor-alpha (TNF-alpha) gene and protein expression, and clinical, biochemical, and 
genetic markers: age, body mass index and uric acid are independent predictors for an elevated TNF-
alpha plasma level in a complex risk model. European cytokine network. 2004;15(2):105-11. 
18. Kiecolt-Glaser JK, Preacher KJ, MacCallum RC, Atkinson C, Malarkey WB, Glaser R. Chronic stress 
and age-related increases in the proinflammatory cytokine IL-6. Proceedings of the National Academy of 
Sciences of the United States of America. 2003;100(15):9090-5. 



 

26 | P a g e  
Distribution Statement A: Approved for public release; distribution is unlimited 
 

19. Berka C, Davis G, Johnson R, Levendowski D, Whitmoyer M, Fatch R, et al. Psychophysiological 
Profiles of Sleep Deprivation and Stress during Marine Corps Training. Sleep. 2007;30:A132. 
20. Berka C, Levendowski D, Cvetinovic M, Petrovic M, Davis G, Lumicao M, et al. Real-time Analysis 
of EEG Indices of Alertness, Cognition, and Memory Acquired with a Wireless EEG Headset. International 
Journal of Human-Computer Interaction. 2004;17(2):151-70. 
21. Cohen O, Reichenberg A, Perry C, Ginzberg D, Pollmacher T, Soreq H, et al. Endotoxin-induced 
changes in human working and declarative memory associate with cleavage of plasma "readthrough" 
acetylcholinesterase. J Mol Neurosci. 2003;21(3):199-212. 
22. Brimacombe M, Zhang Q, Lange G, Natelson BH. Immunological variables mediate cognitive 
dysfunction in gulf war veterans but not civilians with chronic fatigue syndrome. 
Neuroimmunomodulation. 2002;10(2):93-100. 
23. Tohmi M, Tsuda N, Zheng Y, Mizuno M, Sotoyama H, Shibuya M, et al. The cellular and 
behavioral consequences of interleukin-1 alpha penetration through the blood-brain barrier of neonatal 
rats: a critical period for efficacy. Neuroscience. 2007;150(1):234-50. 
24. Wan Y, Xu J, Ma D, Zeng Y, Cibelli M, Maze M. Postoperative impairment of cognitive function in 
rats: a possible role for cytokine-mediated inflammation in the hippocampus. Anesthesiology. 
2007;106(3):436-43. 
25. Thomson LM, Sutherland RJ. Interleukin-1beta induces anorexia but not spatial learning and 
memory deficits in the rat. Behavioural brain research. 2006;170(2):302-7. 
26. He J, Evans CO, Hoffman SW, Oyesiku NM, Stein DG. Progesterone and allopregnanolone reduce 
inflammatory cytokines after traumatic brain injury. Experimental neurology. 2004;189(2):404-12. 
27. Collado-Hidalgo A, Bower JE, Ganz PA, Cole SW, Irwin MR. Inflammatory biomarkers for 
persistent fatigue in breast cancer survivors. Clin Cancer Res. 2006;12(9):2759-66. 
28. Kaukola T, Herva R, Perhomaa M, Paakko E, Kingsmore S, Vainionpaa L, et al. Population cohort 
associating chorioamnionitis, cord inflammatory cytokines and neurologic outcome in very preterm, 
extremely low birth weight infants. Pediatric research. 2006;59(3):478-83. 
29. Rosczyk HA, Sparkman NL, Johnson RW. Neuroinflammation and cognitive function in aged mice 
following minor surgery. Experimental gerontology. 2008. 
30. Larson SJ, Hartle KD, Ivanco TL. Acute administration of interleukin-1beta disrupts motor 
learning. Behavioral neuroscience. 2007;121(6):1415-20. 
31. Sparkman NL, Buchanan JB, Heyen JR, Chen J, Beverly JL, Johnson RW. Interleukin-6 facilitates 
lipopolysaccharide-induced disruption in working memory and expression of other proinflammatory 
cytokines in hippocampal neuronal cell layers. J Neurosci. 2006;26(42):10709-16. 
32. Pang Y, Fan LW, Zheng B, Cai Z, Rhodes PG. Role of interleukin-6 in lipopolysaccharide-induced 
brain injury and behavioral dysfunction in neonatal rats. Neuroscience. 2006;141(2):745-55. 
33. Marsland AL, Petersen KL, Sathanoori R, Muldoon MF, Neumann SA, Ryan C, et al. Interleukin-6 
covaries inversely with cognitive performance among middle-aged community volunteers. 
Psychosomatic medicine. 2006;68(6):895-903. 
34. Wright CB, Sacco RL, Rundek TR, Delman JB, Rabbani LE, Elkind MS. Interleukin-6 is associated 
with cognitive function: the Northern Manhattan Study. J Stroke Cerebrovasc Dis. 2006;15(1):34-8. 
35. Staines DR. Are multiple sclerosis and amyotrophic lateral sclerosis autoimmune disorders of 
endogenous vasoactive neuropeptides? Medical hypotheses. 2008;70(2):413-8. 
36. Maccioni RB, Lavados M, Maccioni CB, Mendoza-Naranjo A. Biological markers of Alzheimer's 
disease and mild cognitive impairment. Current Alzheimer research. 2004;1(4):307-14. 
37. Ho GJ, Drego R, Hakimian E, Masliah E. Mechanisms of cell signaling and inflammation in 
Alzheimer's disease. Current drug targets. 2005;4(2):247-56. 



 

27 | P a g e  
Distribution Statement A: Approved for public release; distribution is unlimited 
 

38. Hagberg H, Mallard C. Effect of inflammation on central nervous system development and 
vulnerability. Current opinion in neurology. 2005;18(2):117-23. 
39. Tomita M, Khan RL, Blehm BH, Santoro TJ. The potential pathogenetic link between peripheral 
immune activation and the central innate immune response in neuropsychiatric systemic lupus 
erythematosus. Medical hypotheses. 2004;62(3):325-35. 
40. Denburg SD, Denburg JA. Cognitive dysfunction and antiphospholipid antibodies in systemic 
lupus erythematosus. Lupus. 2003;12(12):883-90. 
41. Lynch MA. Age-related impairment in long-term potentiation in hippocampus: a role for the 
cytokine, interleukin-1 beta? Progress in neurobiology. 1998;56(5):571-89. 
42. Marshall L, Born J. Brain-immune interactions in sleep. International review of neurobiology. 
2002;52:93-131. 
43. Opp MR, Smith EM, Hughes TK, Jr. Interleukin-10 (cytokine synthesis inhibitory factor) acts in 
the central nervous system of rats to reduce sleep. Journal of neuroimmunology. 1995;60(1-2):165-8. 
44. Elenkov IJ, Iezzoni DG, Daly A, Harris AG, Chrousos GP. Cytokine dysregulation, inflammation and 
well-being. Neuroimmunomodulation. 2005;12(5):255-69. 
45. Shapira-Lichter I, Beilin B, Ofek K, Bessler H, Gruberger M, Shavit Y, et al. Cytokines and 
cholinergic signals co-modulate surgical stress-induced changes in mood and memory. Brain, behavior, 
and immunity. 2008;22(3):388-98. 
46. Tonelli LH, Postolache TT, Sternberg EM. Inflammatory genes and neural activity: involvement of 
immune genes in synaptic function and behavior. Front Biosci. 2005;10:675-80. 
47. Maier SF. Bi-directional immune-brain communication: Implications for understanding stress, 
pain, and cognition. Brain, behavior, and immunity. 2003;17(2):69-85. 
48. Maier SF, Watkins LR. Immune-to-central nervous system communication and its role in 
modulating pain and cognition: Implications for cancer and cancer treatment. Brain, behavior, and 
immunity. 2003;17 Suppl 1:S125-31. 
49. Sallinen M, Harma M, Akila R, Holm A, Luukkonen R, Mikola H, et al. The effects of sleep debt 
and monotonous work on sleepiness and performance during a 12-h dayshift. J Sleep Res. 
2004;13(4):285-94. 
50. Van Dongen HP, Baynard MD, Maislin G, Dinges DF. Systematic interindividual differences in 
neurobehavioral impairment from sleep loss: evidence of trait-like differential vulnerability. Sleep. 
2004;27(3):423-33. 
51. Van Dongen HP, Maislin G, Mullington JM, Dinges DF. The cumulative cost of additional 
wakefulness: dose-response effects on neurobehavioral functions and sleep physiology from chronic 
sleep restriction and total sleep deprivation. Sleep. 2003;26(2):117-26. 
52. Dorrian J, Lamond N, Holmes AL, Burgess HJ, Roach GD, Fletcher A, et al. The ability to self-
monitor performance during a week of simulated night shifts. Sleep. 2003;26(7):871-7. 
53. Roach GD, Dawson D, Lamond N. Can a shorter psychomotor vigilance task be used as a 
reasonable substitute for the ten-minute psychomotor vigilance task? Chronobiol Int. 2006;23(6):1379-
87. 
54. Killgore WD, Killgore DB, Day LM, Li C, Kamimori GH, Balkin TJ. The effects of 53 hours of sleep 
deprivation on moral judgment. Sleep. 2007;30(3):345-52. 
55. Heuer H, Kleinsorge T, Klein W, Kohlisch O. Total sleep deprivation increases the costs of shifting 
between simple cognitive tasks. Acta Psychol (Amst). 2004;117(1):29-64. 
56. Baranski JV, Pigeau RA. Self-monitoring cognitive performance during sleep deprivation: effects 
of modafinil, d-amphetamine and placebo. J Sleep Res. 1997;6(2):84-91. 
57. Kollar EJ, Pasnau RO, Rubin RT, Naitoh P, Slater GG, Kales A. Psychological, psychophysiological, 
and biochemical correlates of prolonged sleep deprivation. Am J Psychiatry. 1969;126(4):488-97. 



 

28 | P a g e  
Distribution Statement A: Approved for public release; distribution is unlimited 
 

58. Wesensten NJ. Effects of modafinil on cognitive performance and alertness during sleep 
deprivation. Curr Pharm Des. 2006;12(20):2457-71. 
59. Durmer JS, Dinges DF. Neurocognitive consequences of sleep deprivation. Semin Neurol. 
2005;25(1):117-29. 
60. Brooks A, Lack L. A brief afternoon nap following nocturnal sleep restriction: which nap duration 
is most recuperative? Sleep. 2006;29(6):831-40. 
61. Kahol K, Leyba MJ, Deka M, Deka V, Mayes S, Smith M, et al. Effect of fatigue on psychomotor 
and cognitive skills. American journal of surgery. 2008;195(2):195-204. 
62. Lockley SW, Barger LK, Ayas NT, Rothschild JM, Czeisler CA, Landrigan CP. Effects of health care 
provider work hours and sleep deprivation on safety and performance. Joint Commission journal on 
quality and patient safety / Joint Commission Resources. 2007;33(11 Suppl):7-18. 
63. Sing HC, Russo MB. High frequency EEG as source of alertness/drowsiness index and cognitive 
function capacity. Aviation, space, and environmental medicine. 2007;78(12):1178. 
64. Stenuit P, Kerkhofs M. Effects of sleep restriction on cognition in women. Biological psychology. 
2008;77(1):81-8. 
65. Banks S, Dinges DF. Behavioral and physiological consequences of sleep restriction. J Clin Sleep 
Med. 2007;3(5):519-28. 
66. Schweitzer PK, Randazzo AC, Stone K, Erman M, Walsh JK. Laboratory and field studies of naps 
and caffeine as practical countermeasures for sleep-wake problems associated with night work. Sleep. 
2006;29(1):39-50. 
67. Driskell JE, Mullen B. The efficacy of naps as a fatigue countermeasure: a meta-analytic 
integration. Hum Factors. 2005;47(2):360-77. 
68. Kawasaki T, Ogata M, Kawasaki C, Ogata J, Inoue Y, Shigematsu A. Ketamine suppresses 
proinflammatory cytokine production in human whole blood in vitro. Anesthesia and analgesia. 
1999;89(3):665-9. 
69. Koga K, Ogata M, Takenaka I, Matsumoto T, Shigematsu A. Ketamine suppresses tumor necrosis 
factor-alpha activity and mortality in carrageenan-sensitized endotoxin shock model. Circulatory shock. 
1994;44(3):160-8. 
70. Moots RJ, Al-Saffar Z, Hutchinson D, Golding SP, Young SP, Bacon PA, et al. Old drug, new tricks: 
haloperidol inhibits secretion of proinflammatory cytokines. Annals of the rheumatic diseases. 
1999;58(9):585-7. 
71. Wiegmann DA, Stanny RR, McKay DL, Neri DF, McCardie AH. Methamphetamine effects on 
cognitive processing during extended wakefulness. The International journal of aviation psychology. 
1996;6(4):379-97. 
72. Smolinski AT, Pestka JJ. Modulation of lipopolysaccharide-induced proinflammatory cytokine 
production in vitro and in vivo by the herbal constituents apigenin (chamomile), ginsenoside Rb(1) 
(ginseng) and parthenolide (feverfew). Food Chem Toxicol. 2003;41(10):1381-90. 
73. Lorea Baroja M, Kirjavainen PV, Hekmat S, Reid G. Anti-inflammatory effects of probiotic yogurt 
in inflammatory bowel disease patients. Clinical and experimental immunology. 2007;149(3):470-9. 
74. Huang M-T, Ghai G, Ho C-T. Inflammatory process and molecular targets for anti-inflammatory 
nutraceuticals. Comprehansive Reviews in Food Science and Food Safety. 2004;3:127-39. 
75. Blok WL, Katan MB, van der Meer JW. Modulation of inflammation and cytokine production by 
dietary (n-3) fatty acids. The Journal of nutrition. 1996;126(6):1515-33. 
76. Mehra MR, Lavie CJ, Ventura HO, Milani RV. Fish oils produce anti-inflammatory effects and 
improve body weight in severe heart failure. J Heart Lung Transplant. 2006;25(7):834-8. 
77. Bhattacharya A, Sun D, Rahman M, Fernandes G. Different ratios of eicosapentaenoic and 
docosahexaenoic omega-3 fatty acids in commercial fish oils differentially alter pro-inflammatory 



 

29 | P a g e  
Distribution Statement A: Approved for public release; distribution is unlimited 
 

cytokines in peritoneal macrophages from C57BL/6 female mice. The Journal of nutritional biochemistry. 
2007;18(1):23-30. 
78. Taccone-Gallucci M, Manca-di-Villahermosa S, Battistini L, Stuffler RG, Tedesco M, Maccarrone 
M. N-3 PUFAs reduce oxidative stress in ESRD patients on maintenance HD by inhibiting 5-lipoxygenase 
activity. Kidney international. 2006;69(8):1450-4. 
79. De Caterina R, Massaro M. Omega-3 fatty acids and the regulation of expression of endothelial 
pro-atherogenic and pro-inflammatory genes. The Journal of membrane biology. 2005;206(2):103-16. 
80. Vaisman N, Zaruk Y, Shirazi I, Kaysar N, Barak V. The effect of fish oil supplementation on 
cytokine production in children. European cytokine network. 2005;16(3):194-8. 
81. Mickleborough TD. Dietary omega-3 polyunsaturated fatty acid supplementation and airway 
hyperresponsiveness in asthma. J Asthma. 2005;42(5):305-14. 
82. Rupp H, Wagner D, Rupp T, Schulte LM, Maisch B. Risk stratification by the "EPA+DHA level" and 
the "EPA/AA ratio" focus on anti-inflammatory and antiarrhythmogenic effects of long-chain omega-3 
fatty acids. Herz. 2004;29(7):673-85. 
83. Kiecolt-Glaser JK, Belury MA, Porter K, Beversdorf DQ, Lemeshow S, Glaser R. Depressive 
symptoms, omega-6:omega-3 fatty acids, and inflammation in older adults. Psychosomatic medicine. 
2007;69(3):217-24. 
84. Yehuda S. Omega-6/omega-3 ratio and brain-related functions. World review of nutrition and 
dietetics. 2003;92:37-56. 
85. Johnson RR, Popovic D, Olmstead RE, Stikic M, Levendowski DJ, Berka C. Drowsiness 
determination through EEG: development and validation. Biol Psychol. in press. 
86. Levendowski D, Westbrook P, Berka C, Popovic M, Ensign W, Pineda J, et al. Event-related 
Potentials During a Psychomotor Vigilance Task in Sleep Apnea Patients and Healthy Subjects. Sleep. 
2002;25(Abstract Supplement):A462-A3. 
87. Cohen H, Matar MA, Kaplan Z, Kotler M. Power spectral analysis of heart rate variability in 
psychiatry. Psychotherapy and psychosomatics. 1999;68(2):59-66. 
88. Cohen H, Neumann L, Kotler M, Buskila D. Autonomic nervous system derangement in 
fibromyalgia syndrome and related disorders. Isr Med Assoc J. 2001;3(10):755-60. 
89. Friedman BH, Thayer JF. Autonomic balance revisited: panic anxiety and heart rate variability. 
Journal of psychosomatic research. 1998;44(1):133-51. 
90. Gorman JM, Sloan RP. Heart rate variability in depressive and anxiety disorders. American heart 
journal. 2000;140(4 Suppl):77-83. 
91. Thayer JF, Hansen AL, Saus-Rose E, Johnsen BH. Heart rate variability, prefrontal neural function, 
and cognitive performance: the neurovisceral integration perspective on self-regulation, adaptation, and 
health. Ann Behav Med. 2009;37(2):141-53. 
92. Yeragani VK. Heart rate and blood pressure variability: implications for psychiatric research. 
Neuropsychobiology. 1995;32(4):182-91. 
93. Holub BJ, Wlodek M, Rowe W, Piekarski J. Correlation of omega-3 levels in serum phospholipid 
from 2053 human blood samples with key fatty acid ratios. Nutr J. 2009;8:58. 
 
 


